In this paper we present, for the first time to our knowledge, a new pulse shaping technology (modulation schemes for seed laser) used to mitigate pulse narrowing effect and SBS effect in a high energy Er:Yb codoped fiber master oscillator power amplifier system at 1.5 μm to obtain longer pulse duration and higher energy. An average power of over 1.3 W and a pulse energy of over 0.13 mJ were obtained at 10 kHz repetition rate with a pulse duration of 200 ns and near-diffraction-limited beam quality (M 2 < 1.2).
Introduction
Fiber lasers are playing an increasingly important role in laser applications. All-fiber-based pulsed fiber lasers are particularly promising for laser sensing, velocimetry, laser imagery coherent Lidar, and free space communications due to its high efficiency, compact size, reliable operation, the ease of alignment, and the possibility of autonomous operation [1] [2] [3] [4] [5] [6] [7] . Various types of high power and high energy fiber lasers have been developed. Narrow linewidth outputs with 126 μJ [8] , 200 μJ [9] , and 290 μJ [10] from all-fiber based master oscillator power amplifiers (MOPAs) have been demonstrated.
In coherent optical sensing and lidar applications, high precision measurements demand long pulse duration and good pulse shape, as well as narrow linewidth. In the case of amplification of long duration narrow linewidth signals (<1 MHz) in fiber amplifiers, stimulated Brillouin scattering (SBS) induces strong limitation for achieving high peak powers in optical fibers. In addition, gain narrowing effect in high power fiber amplifiers can also deform the output pulse shape and shorten the pulse duration.
Recently, we have applied modulated pulse shape of seed laser to mitigate both SBS and gain narrowing effects in 1.5 μm fiber power amplifier. A fiber laser with 1.3 W average power and 0.13 mJ pulse energy output at a wavelength of 1.5 μm with pulse width of 200 ns were obtained. In this article, we will firstly introduce the experimental setup and pulse shaping method. Then SBS and gain narrowing effects are shown to be greatly reduced by using this method. Figure 1 shows a schematic diagram of the laser system. The seed laser was a distributed-feedback (DFB) laser with 200 kHz linewidth. The central wavelength was around 1550 nm. The seed laser was driven by a laser diode driving board manufactured in house. The shaped pulse was generated by changing the driving current format of the directlymodulated DFB laser. The repetition rate was tuned from 10 kHz to 250 kHz and the pulse width was tuned from 10 ns to 4 μs in this experiment. The shaped pulses were sent to a two-stage preamplifier (A1 and A2). The preamplifiers were standard single mode erbium-doped fiber amplifiers, which had been optimized and characterized to provide an overall gain of 21.9 dB. Two 7 W multimode laser diodes were used as pumps for the final power amplifier 
Experimental Setup

Stimulated Brillouin Scattering and Pulse Narrowing
Nonlinear effects such as the optical Kerr effect, stimulated Raman scattering, and SBS have been observed in fiber amplifiers. In the case of amplifying narrow linewidth signal, the dominant nonlinear effect is SBS, which induces strong limitation for achieving high peak power in optical fibers. SBS arises from the interaction between optical field and acoustic phonons in the fiber [11] [12] [13] . Although the nonlinearity of silica is not very high, the high optical intensity and long propagation length inside the fiber can still result in strong nonlinear effects. At a high enough input power, SBS will convert transmitted light in the fiber to a scattered, Stokesshifted reflection.
In a single mode optical fiber, the Brillouin frequency shift is given by ν B 2nV a ∕λ;
( 1) where V a is the speed of sound in the medium, n is the refractive index, and λ is the wavelength. If we choose V a 5460 m∕s, n 1.5 for glass, then we obtain the typical value of a Brillouin frequency shift in optical fiber at 1.5 μm of 10.5 GHz (corresponding to 0.084 nm shift in wavelength). Assuming the FWHM Brillouin linewidth Δν SBS 13 MHz at 1.5 μm [13] , then the dephasing time, T 2 ≈ 20 ns, can be calculated from the equation
T 2 describes the required time to phase the created phonons, which establishes the macroscopic acoustic wave in the material. For pulse widths less than T 2 , the SBS gain is significantly reduced.
As SBS occurs in the backward direction in fiber, the circulator's port 3 (monitor ④) was used to detect SBS signal. A trace from an optical spectrum analyzer (OSA) is given in Fig. 2 . A generated SBS peak can be clearly seen and has a frequency shift of ∼0.08 nm.
The SBS power at circulator port 3 was also monitored. Seed laser was operated at 10 kHz repetition rate and square shaped pulses were generated. The pulsed width (FWHM) varies from 20 ns to 200 ns. Since SBS gain is proportional to laser's intensity, we present in Fig. 3 (a) the SBS power as a function of output peak power. The SBS power as a function of output pulse energy is also plotted as a reference in Fig. 3(b) . After a threshold in output peak power, exponential growth in SBS power was observed as the peak power increased. The SBS threshold increased when pulse widths became shorter. When the pulse width was 20 ns, which was close to the dephasing time T 2 , SBS effect was significantly suppressed. the forward direction, an output distortion due to transient SBS has been observed. A subpulse was added on the output main pulse when SBS threshold was reached. An example is shown in Fig. 4 . Figure 4 (a) is the output pulse shape before the SBS threshold. The pulse shape was stable and smooth. Figure 4(b) is the output pulse shape when strong backward SBS was detected. A depression appears in the middle of the shape, and the output pulse train was also unstable.
The SBS generation not only limits the maximum power output, it is also a threat to the laser system. Strong backward SBS generation can damage the seed laser, pumps, and other fiber components it passes through; therefore it is very important to suppress the SBS generation. From Fig. 3 , a small SBS threshold for 200 ns pulses was observed, and the output pulse energy was limited to 0.03 mJ to prevent possible SBS damaging.
Another important phenomenon observed from the experiment was that the pulse shape was significantly compressed when it evolved through the final power amplification stage. A 200 ns pulse width was compressed down to 10 ns at the highest energy level. This is partially due to the gain dynamics and partially due to the soliton formation in the anomalous dispersion fiber. Figure 5 shows the 200 ns pulse evolution at different pump levels. When the seed macropulse width was 200 ns, the output pulse width was reduced to 150 ns, 50 ns, and 15 ns at 1.3 W, 6.6 W, and 11.3 W pump power levels respectively. 
Pulse Shaping Technique to Mitigate SBS and Pulse Narrowing Effects
We have successfully developed the driver board for driving a laser diode at 1.5 μm to achieve any wave format and pulse width for pulse generation. Examples of Gaussian-, triangle-, and square-shaped pulse generation are shown in Fig. 6(a)-(c) , respectively. The upper trace represents the trigger signal from driving board (monitor ①) and the lower trace represents the converted optical signal from seed laser (monitor ②). We were able to generate more complicated pulse shapes and one example is shown in Fig. 6(d) . Within the period of 210 ns, six individual pulses were generated with only 14 ns pulse width (FWHM) each.
By manipulating a pulse shape launched into the amplifier as shown in Fig. 7 , both SBS effect and pulse narrowing effect were suppressed. There are two types of modulations. One modulation is to split the 200 ns pulse into five micropulses with much narrower pulse width each. The SBS can be effectively suppressed during power amplification, because each micropulse has a shorter pulse width that increases the SBS threshold dramatically. The other modulation is to manipulate the amplitude of the micropulses. Because the leading micropulses involved higher amplification than the trailing micropulses, we generated micropulses with increasing amplitudes [ Fig. 7(a) ] to compensate for the pulse narrowing effect. Figure 7(b) shows the output after amplifying to the highest energy level. A 200 ns output pulse was obtained with all five micropulses at the same amplitude. 
Characterization of 200 ns Output Pulses
We generated 200 ns pulses output at various pump power levels and repetition rates. The pump power was tuned up to 13.4 W and the repetition rate varied from 10 kHz to 100 kHz. Because of pulse narrowing effect during power amplification, we manipulated seed pulse shape under every condition to maintain the square shape and ∼200 ns width for output pulses. Output power and spectra was measured during experiment. The output power as a function of pump power is plotted in Fig. 8(a) and the output pulse energy as a function of pump power is plotted in Fig. 8(b) . The output powers were almost the same at different repetition rates ranging from 10 kHz to 100 kHz. The power was linear increased with pump power. The optical efficiency for the power amplifier was approximate 10%. Higher pulse energy was obtained at lower repetition rate. The maximum of 0.13 mJ was obtained at 10 kHz repetition rate and 13.4 W pump power.
The output spectrum at maximum pump power is shown in Fig. 9 . The optical signal-to-noise ratio (OSNR) decreased with reduced repetition rates. Greater than 30 dB OSNR was obtained for pump power up to 13.4 W, implying the amplified spontaneous emission was effectively suppressed.
The output beam quality of the fiber laser pulse with 0.13 mJ pulse energy was characterized by a Spiricon beam profiler. Figure 10 (a) and 10(b) show the images of the beam profile displayed in 2D and 3D views, which indicate the pulse has neardiffraction-limit beam quality. Beam quality factor M 2 for both horizontal and vertical directions was measured by scanning the beam size along the propagation direction, as shown in Fig. 10(c) . M 2 < 1.2 were obtained in both directions.
Summary
In summary, we demonstrated a pulse shaping technology for an Er:Yb codoped fiber MOPA system at 1.5 μm to generate pulse shapes in any format. By applying such a technique, a 200 ns seed macropulse with micropulses was generated in which the SBS effect was significantly reduced, thus increasing the output power limit dramatically. We also resolved the effect of pulse narrowing during power amplification by manipulating the seed pulse shape. After power amplification, an average power of over 1.3 W and pulse energy of over 0.13 mJ were obtained at the wavelength of 1.5 μm from a gain fiber with core diameter of 17 μm. This method should be applied to other fiber laser and amplifier systems to increase the SBS threshold, thus to achieve higher energy output. This paper is supported in part by NASA Small Business Innovation Research contracts.
